Objectives To investigate motor function associations with age, sex, and D4Z4 repeats among participants with early-onset facioscapulohumeral muscular dystrophy (FSHD) type 1 as defined by weakness onset before 10 years of age.
Facioscapulohumeral dystrophy (FSHD) is an autosomal dominant muscular dystrophy with an estimated prevalence of 1 in 8,000 to 15,000.
1,2 FSHD results in progressive asymmetric atrophy and muscle weakness affecting the face and shoulder girdle, followed by involvement of the upper arm, abdominal, and lower limb muscles. 3 The onset of symptoms and disease severity vary considerably, even among individuals in the same family. 4, 5 Most people with FSHD develop symptoms during the second or third decade of life, with 20% requiring a wheelchair for mobility as the disease progresses. 6, 7 FSHD is a complex epigenetic disease that is further classified into 2 subtypes. 8, 9 Type 1 FSHD (FSHD1) is caused by contraction of the 3.3-kb D4Z4 repeat array located on chromosome 4q35, 10, 11 whereas type 2 FSHD (FSHD2) is associated with mutations of SMCHD1 in the presence of a disease-permissive 4qA haplotype. 12 Approximately 5% to 10% of FSHD presents as infantile or early-onset FSHD with symptoms and signs of facial weakness before 5 years of age and shoulder weakness by 10 years of age. 13 Early-onset cases are often associated with a smaller number of D4Z4 repeats and more severe disease phenotypes. [14] [15] [16] [17] However, the genotype-phenotype correlation is imprecise, and substantial clinical variability may be seen even among those with very short (<4) D4Z4 repeats. 18 Natural history data are a prerequisite for planning FSHD treatment trials. Previous natural history studies of FSHD focused primarily on adult-onset disease. 19, 20 The natural history of early-onset FSHD has not been well defined, with most information based on historical or retrospective data. The main objective of this study was to describe the baseline clinical characteristics of a multinational cohort with earlyonset FSHD and to provide a comprehensive assessment of natural history with validated outcome measures that will inform the design of therapeutic trials for children and adults with early-onset FSHD.
Methods
This multicenter cross-sectional study was conducted at 12 centers of the Cooperative International Neuromuscular Research Group (CINRG) during 2012 to 2015. Because early-onset FSHD is a rare disease, all eligible patients from the neuromuscular clinics of the participating centers were invited to maximize enrollment. Participants had a genetically confirmed contraction of the D4Z4 repeat array, ranging from 1 to 10 (10-38 kb) copies on chromosome 4q35. In addition, they met criteria for early-onset FSHD based on symptoms or signs of facial weakness before 5 years of age and/or shoulder girdle weakness before 10 years of age. 13 The age at onset of muscle weakness was based on direct interview with patients and families and review of medical records when available.
Standard protocol approvals, registrations, and patient consents The institutional ethics and research review boards at each CINRG site approved the study. Written informed consent was obtained from all participants before study procedures. Physicians and clinical evaluators performed the study evaluations as part of a standardized protocol (appendix e-1, links. lww.com/WNL/A339). All clinical evaluators underwent central training from the lead physical therapist (T.D.) to ensure standardization and reliability of test measures. The extramuscular manifestations will be reported separately.
Baseline health information
Data collected from physicians' assessments included participant demographics, molecular genetic diagnosis from past clinical diagnostic laboratory reports, hand dominance, and standard anamnestic review of medical history, current and past symptoms related to FSHD, current and past use of an assisted mobility device, medication use, and comprehensive physical examination.
Formal motor assessments
Anthropometric measures Weight and either standing or calculated height were used to calculate body mass index (BMI; in kilograms per meter squared). A calculated height from ulna length was performed for participants unable to stand. 21 The BMI z score was calculated from sex-specific World Health Organization growth charts (who.int/growthref/computation.pdf).
Quantitative muscle testing
The CINRG quantitative muscle testing (QMT) system was used to evaluate muscle strength. 22 Muscles were tested according to a standardized protocol developed for this study and informed by prior FSHD natural history studies (appendix e-2, links.lww.com/WNL/A339). 19, 20 Manual muscle testing The modified Medical Research Council scale was used to assess strength in the major muscle groups. 23, 24 Muscles were Glossary BMI = body mass index; CINRG = Cooperative International Neuromuscular Research Group; CSS = clinical severity score; 4SC = 4-step climb test; FSHD = facioscapulohumeral dystrophy; MMT = manual muscle testing; QMT = quantitative muscle testing; ROM = range of motion; SA = serratus anterior; 6MWT = 6-minute walk test; SS = stand from supine test; 10MWR = 10-m walk/run test.
tested bilaterally (when applicable) in standardized positions; the peak side values were used for statistical modeling. Participants with missing manual muscle testing (MMT) scores due to an inability to test the muscle group secondary to disease progression were imputed a score of 1 as a conservative estimation of muscle strength for modeling only. MMT scores were converted to a linear measure for modeling and summation based on previous research. 20 Muscle group measures and total scores were calculated by summing all peak muscle scores within the muscle group and overall, respectively.
Timed function assessments
The maximum distance walked in 6 minutes (6MWT) was recorded in meters; tests for time to walk/run 10 m (10MWR), to climb 4 stairs (4SC), and to stand from supine (SS) were performed on ambulatory participants ≥4 years of age. Results from the timed function assessments were converted to velocity measures. Individuals who were nonambulatory and unable to perform the timed function assessments were assigned a velocity of zero for statistical modeling.
Functional motor evaluations
The Brooke upper extremity and the Vignos lower extremity scales were used for functional assessments. 23, 25 Both scales were dichotomized for statistical modeling as high function (scores of 1 or 2), and low function (scores of ≥3).
Range of motion
Active and passive range of motion (ROM) of the shoulder, elbow, knee, and ankle joints was measured bilaterally and recorded in degrees. 26 The peak-side ROM was used for statistical modeling.
Clinical severity score
This FSHD global impairment measure assesses facial, shoulder girdle, upper limb, distal leg, pelvic girdle, and abdominal muscles to determine disease severity. 27 
Statistical analysis
Descriptive statistics, including mean ± SD or median (interquartile range), were used to summarize the clinical characteristics of study participants. For all measures conducted bilaterally, the side-to-side values (peak [i.e., strongest] vs nonpeak and dominant vs nondominant) were compared by use of paired t test or Wilcoxon signed-rank sum test. Timed functional assessments from the 6MWT, 10MWR, 4SC, and SS were converted to velocities to allow nonambulatory patients to be included in the statistical analysis of these variables. The effect of clinical characteristics, including age at enrollment, sex, number of D4Z4 repeats, and age at onset of facial or shoulder weakness on motor outcomes, was examined separately with regression analysis; those characteristics associated with outcomes at a value of p < 0.10 were considered for inclusion in multivariable analyses. It was decided a priori to further examine the association between D4Z4 repeat size and clinical characteristics; the number of D4Z4 repeats was modeled as a continuous independent variable with each of the motor outcomes as the dependent variable in separate models adjusted for sex, evaluation age, and age at onset of muscle weakness. Similarly, to assess the relationship between motor outcomes and age at disease onset, age at first onset of either facial or shoulder girdle weakness was modeled as a continuous variable adjusted for sex, age at assessment, and number of D4Z4 repeats. Data were analyzed with SAS (version 9.2, SAS Institute Inc, Cary, NC). All statistical tests were 2 sided; a value of p < 0.05 was considered significant.
Results
The baseline characteristics of the 52 participants with earlyonset FSHD are described in table e-1 (links.lww.com/WNL/ A338). The average age at enrollment was 22.9 (SD 14.7, range 3.0-56.8) years. The mean D4Z4 fragment size was 17.6 (SD 6.8) kb, or 3.4 (SD 2.1) repeats. Missing values in the functional motor evaluation were mostly related to disease progression; it was rarely caused by equipment malfunction or scheduling conflict. One participant declined motor assessment because of young age.
Summary of functional motor assessments Brooke and Vignos functional grade
Twenty-five participants had good (Brooke grade 1 or 2) shoulder function, while the remaining 50% had moderate to severe impairment (31% grade 3, 4% grade 4, and 14% grade 5). Most (55%) participants could walk and climb stairs independently (Vignos grade 1); 24% could walk with assistance (18% grade 2, 4% grade 3, 0% grade 4 or 5, 2% grade 6), and 21% were wheelchair dependent (grade 7).
Range of motion
Passive ROM was preserved in most joints tested; minimal limitation in knee extension (mean −2.0°, SD 12.5°) was noted. Active ROM was reduced in the upper extremity, with a mean passive to active ROM difference of 25.2°for elbow flexion (150.3°vs 125.0°), 53.4°for shoulder abduction (167.6°vs 114.2°), and 57.9°for shoulder flexion (163.7°vs 105.8°), respectively, on the peak side.
Quantitative muscle test
QMT measurements of strength revealed relative weakness of shoulder abduction and adduction, elbow flexion, and knee extension. Side-to-side asymmetry in muscle strength was noted; the peak to nonpeak QMT scores for each muscle group, including hand grip, shoulder abductors and adductors, elbow flexors and extensors, and knee extensors and flexors, were all different (p < 0.0001); this was unrelated to hand dominance (appendix e-3, links.lww.com/WNL/A339).
Manual muscle test
The distribution of muscle strength by MMT revealed the most prevalent muscle weakness in the shoulder and
Timed function assessments
Seventy-six percent of participants could stand unsupported, and most were able to perform timed function assessments (appendix e-2, links.lww.com/WNL/A339). The mean distance for the 6MWT was 489.6 (SD 163.2) m, with a mean 10MWR time of 6.2 (SD 5.1) seconds, a mean 4SC time of 3.9 (SD 4.1) seconds, and a mean SS time of 4.5 (SD 3.4) seconds. The mean velocity was 1.0 (SD 0
Clinical severity score
The mean clinical severity score (CSS) was 7.1 (SD 4.1, range 1-15). According to the CSS grades (appendix e-5, links.lww. com/WNL/A339), 48 (100%) had scapular girdle involvement, 6 (12%) had preserved facial movements, 5 (10%) had preserved upper limb function, 18 (38%) had normal distal leg movement, 21 (44%) had no pelvic girdle involvement, and 16 (36%) had a negative Beevor sign. 28 For participants (n = 7) who could not undergo testing of the Beevor sign, the CSS was rescaled to 14 (total score without abdominal muscle domain × 15/14) for modeling purpose only. No material differences were noted when findings from the imputed scores were compared to the subset with complete values.
Bivariate analyses
Older age at enrollment was associated with greater disease severity, as determined by higher CSSs (p = 0.003), and slower timed function assessment velocities (appendix e-6, links.lww.com/WNL/A339). Furthermore, younger age at onset of facial weakness was associated with slower velocities, higher CSSs, and more impaired Brooke functional grade (all p < 0.05, table e-2, links.lww.com/WNL/A338). In contrast, the age at onset of shoulder weakness was not associated with any motor functional measures. There was no association between the number of D4Z4 repeats, sex, race, BMI, and motor performance. However, being underweight was associated with lower QMT and MMT scores for some muscle groups; in addition, participants with ≤4 D4Z4 repeat units had higher CSS values (indicating greater disease severity) compared to those with >4 repeats (data not shown).
Multivariate analysis
After adjustment for age at enrollment, sex, and D4Z4 repeats, younger age at onset of facial weakness was associated with greater CSS, slower velocities in timed function assessments, and lower MMT scores (all p < 0.05) (table e-3, links.lww. com/WNL/A338). Each 1-year increase in age at onset of facial weakness was associated with a 0.7-point decline in the CSS and an increase in mean total MMT score of 2.6. Similarly, the odds for higher Brooke and Vignos grades (indicating lower function) were reduced by 42% and 39%, respectively, with later-onset facial weakness (table e-3). There were no associations between age at onset of shoulder weakness and either disease severity or motor performance (all p > 0.05, data not shown). Participants with ≤4 D4Z4 repeat units did not have higher CSSs compared to those with >4 repeats after accounting for sex and age at onset of facial weakness.
Discussion
Facial weakness is often the first presenting sign of FSHD, especially in the early-onset form. We identified an association between age at onset of facial weakness and motor performance in early-onset FSHD. Earlier onset of facial weakness correlated with greater disease severity after adjustment for age at enrollment and other baseline characteristics. Because the timing of facial weakness may predict disease severity, it is clinically meaningful to capture the age at onset of facial weakness accurately. Detailed prospective history and physical examination would be ideal; if not available, family photographs can be reviewed to help reduce recall bias in retrospective reports. However, as observed in our study, facial weakness can be mild or absent in ≈10% of individuals with genetically confirmed FSHD, thus limiting the generalizability of facial weakness onset age as an early predictor of disease severity.
Because FSHD is a progressive myopathy, older participants in this early-onset cohort had more prominent muscle weakness with loss of independent ambulation beginning in the second decade. Among the 36 patients who were able to complete the 6MWT, their mean z score for the total distance was −1.98 (SD 1.91) compared with reference data from healthy age-and sex-matched controls 29 ; 41.7% had 6MWT distance at ≥2 SDs below the mean, and the frequency increased by age (11.1% at 3-9 years, 50% at 10-19 years, and 54.5% at 20-59 years of age). Because most participants could walk independently, we could not determine the association between age at onset of wheelchair dependency and number of D4Z4 repeats, as previously reported. 7 In another FSHD study, female patients were comparatively stronger with lower disease severity compared to male patients 30 ; we did not find this association in our study.
Overall, there was substantial clinical variability among participants with early-onset disease. The disease heterogeneity of FSHD among patients with 1 to 3 D4Z4 repeats was recently highlighted by data from the Italian FSHD Registry; neither age at onset nor size of repeats was associated with disease severity. 18 Instead, higher (61%) de novo rates were found among index cases in the Italian cohort with short D4Z4 repeats, and 55% of the de novo cases had early-(<10 years) onset disease. Furthermore, consistent with our study, facial weakness was the most common sign in most de novo cases, and their risk of motor impairment increased from 65% by 10 years of age to 98% by 20 years of age; however, their long-term outcome did not differ from later-onset cases. 18 In other series of infantile FSHD, most affected individuals had short D4Z4 repeats (<15-20 kb) and early-onset disease (<10 years), but exceptions were noted. 31 Other large studies have similarly shown variable disease expressivity, penetrance, and genotype-phenotype correlations in FSHD. 30, [32] [33] [34] Because individuals with early-onset FSHD are at risk of more rapid progression, prompt diagnosis based on recognition of the pattern of muscle involvement, extramuscular features, and genetic confirmation is critical. 15 The rate of disease progression will require longitudinal studies. Because earlyonset FSHD is uncommon, clinical trial recruitment of a clinically homogeneous cohort with similar age, sex, symptom onset, and D4Z4 repeats will be challenging. It may be necessary to adjust for the effects of these factors on disease severity and motor performance. Recently, a second genetic form of FSHD2 was identified with mutations of DNMT3B; the mutations alter the degree of chromatin hypomethylation without contraction of D4Z4 repeats. 35 A new comprehensive clinical evaluation form was proposed for uniform characterization of the disease phenotype, stratification for clinical trials, and identification of other genetic and epigenetic modifiers of FSHD. 32 The cross-sectional design provides a comprehensive description of a relatively large cohort of early-onset FSHD. We detected early muscle weakness using a comprehensive panel of motor assessments. Conversion of timed function assessments to velocities enabled the inclusion of individuals with advanced disease progression by imputing a velocity score of zero.
One limitation was that historical, self-reported onset of symptoms is subject to recall bias, especially when disease recognition is delayed. The inclusion of a concurrent age-and sex-matched healthy control group to provide direct comparison of percentage predicted motor performance would have been beneficial. The genetic data were collected from multiple laboratories using varying methodologies; haplotyping of the disease-permissive 4qA allele was rarely specified, and therefore, it was not analyzed. Other disease modifiers such as SMCHD1 are presently unknown, and parental genetics studies were not available to confirm familial or de novo mutations.
Even though the CSS is a descriptive measure of muscle involvement in FSHD, it was only weakly associated with age at onset and functional motor outcomes. A ceiling effect was also noted among those with advanced disease. Despite the fact that the serratus anterior (SA) is the second most severely affected muscle in FSHD, 36, 37 17 participants in our study appeared to have preserved SA function on the basis of clinical assessments. Muscle MRI data could enhance the determination of SA sparing as part of the clinical heterogeneity of FSHD or confirm whether other shoulder girdle stabilizers such as the pectoral muscles were able to compensate for SA weakness. Furthermore, we recommend additional functional measures such as the Performance of Upper Limb to more effectively assess shoulder girdle function and endurance in FSHD studies. 38 Natural history studies provide essential data for the design of clinical trials. Because effort-dependent functional motor assessments can be challenging to measure across the life span of a progressive disease, other outcome measures such as serum biomarkers and muscle imaging studies could serve as surrogates of disease progression. 39, 40 Further longitudinal studies of early-onset FSHD will help determine the rate of clinical progression in FSHD subgroups and identify sensitive and reliable outcome measures.
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Study question
What is the relationship between age at onset and motor impairment severity in patients with early-onset facioscapulohumeral muscular dystrophy (FSHD)?
Summary answer
Earlier ages at onset of facial weakness are associated with greater motor impairment severities in patients with early-onset FSHD.
What is known and what this paper adds FSHD is a complex epigenetic disease, and most natural history studies have examined adult-onset FSHD. This study characterizes the natural history of early-onset FSHD with a focus on the clinical associations of age at onset of muscle weakness with disease severity.
Participants and setting
This study enrolled 52 participants (60% female; mean age, 22.9 ± 14.7 years) with early-onset FSHD from 12 multinational centers in United States, Canada, Europe, and Australia belonging to the CINRG research network between 2012 and 2015. Earlyonset FSHD was defined as developing facial weakness before 5 years of age, shoulder girdle weakness before 10 years of age, or both. All patients had 1-10 copies of the D4Z4 repeat array.
Design, size, and duration
This study is a cross-sectional natural history study. The age at onset was determined by interviewing patients and their families and reviewing medical records. The participants completed a battery of standardized outcome measures assessing strength and motor function. These included manual muscle testing, timed function tests, FSHD Clinical Severity Score determinations and quantitative muscle testing.
Primary outcomes
The primary outcome was the association between age at onset and motor assessment results, as determined via regression modeling with adjustments for various demographic and clinical variables.
Main results and the role of chance Younger ages at onset of facial weakness were associated with greater Clinical Severity Scores, slower velocities in timed function assessments, and lower manual muscle test scores (all p < 0.05). No such associations were detected for ages at onset of shoulder weakness.
Bias, confounding, and other reasons for caution Recall bias might have influenced the reported age at onset of symptoms. There was no healthy control group for motor performance comparisons. The genetic data were collected from clinical chart review from multiple laboratories using different methodologies.
Generalizability to other populations Facial weakness is mild or absent in ;10% of patients with genetically confirmed FSHD. This limits the generalizability of age at onset of facial weakness as a predictor of disease severity.
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